Summary
The presence of a single centromere on each chromosome that signals formation of a mitotic kinetochore is central to accurate chromosome segregation [1] . The histone H3 variant centromere protein-A (CENP-A) is critical for centromere identity and function; CENP-A chromatin acts as an epigenetic mark to direct both centromere and kinetochore assembly [2] [3] [4] . Interpreting the centromere epigenetic mark ensures propagation of a single centromere per chromosome to maintain ploidy. Thus, understanding the nature of CENP-A chromatin is crucial for all cell divisions. However, there are ongoing debates over the fundamental composition of centromeric chromatin. Here we show that natively assembled human CENP-A nucleosomes are octameric throughout the cell cycle. Using total internal reflection fluorescence (TIRF)-coupled photobleaching-assisted copy-number counting of single nucleosomes obtained from cultured cells, we find that the majority of CENP-A nucleosomes contain CENP-A dimers. In addition, we detect the presence of H2B and H4 in these nucleosomes. Surprisingly, CENP-A associated with the chaperone HJURP can exist as either monomer or dimer, indicating possible assembly intermediates. Thus, our findings indicate that octameric CENP-A nucleosomes mark the centromeric region to ensure proper epigenetic inheritance and kinetochore assembly.
Results and Discussion
Conservation of ploidy requires inheritance of an equal number of chromosomes during each cell division. Central to this is the presence of a single kinetochore on each chromatid. Kinetochores are protein super structures assembled during mitosis at centromere regions of chromosomes to link sister chromatids to microtubules emanating from opposite spindle poles. Consequently, centromere singularity generates accurate cell division [1] . The defining feature of centromeres is understood to be the presence of a histone H3 variant referred to as centromere protein-A (CENP-A, also called CenH3) in centromeric nucleosomes [2, 3] . CENP-A is proposed to mark centromeres epigenetically [3, 4] as evidenced by rarely documented cases of neocentromeres, where CENP-A chromatin forms a functional centromere on an ectopic chromosomal region distinct from the original genomic locus. In sum, CENP-A-containing chromatin encodes the epigenetic information recognized, read, and interpreted by proteins required for centromere [5] [6] [7] [8] and kinetochore assembly [1] . Thus, understanding the biochemical nature of CENP-A chromatin is critical for understanding both epigenetic centromere propagation and mitotic chromosome segregation.
The Majority of CENP-A-Containing Complexes in Cells Contain Two CENP-A Molecules
Unlike other epigenetic codes (e.g., histone methylation patterns regulating promoter activity), the centromere epigenetic code is as yet largely unknown. Extensive efforts focused to determine the structure of CENP-A-containing nucleosomes have led to contradictory observations. The culmination is a series of hypotheses each differing from one another in the species and number of centromere chromatin core components [9] . These include (1) the octamer model [10] [11] [12] [13] supported mainly by in vitro nucleosome reconstitution experiments proposing a (CENP-A:H4) 2 (H2A:H2B) 2 composition, (2) the tetramer model [14] [15] [16] stemming from atomic force microscopy data on immunoprecipitated CENP-A chromatin proposing a (CENP-A:H4)(H2A:H2B) composition, and (3) the hexamer model [17] proposing a hybrid of CENP-A:H4 and the chaperone protein HJURP (also called Scm3, hereafter HJURP).
To determine the molecular composition of native CENP-A nucleosomes, we extracted single nucleosome core particles from clonal HeLa cells stably expressing a YFP fusion to CENP-A (see below and Supplemental Experimental Procedures, available online). For our analysis, we assumed that CENP-A-YFP and unlabeled CENP-A have equal probability of chromatin incorporation and corrected for the incomplete labeling accordingly (see below and Supplemental Experimental Procedures). In order to assess the stoichiometry of CENP-A in centromeric nucleosomes, we employed photobleaching-assisted copy-number counting (PA-CNC, a modified version of SiM-Pull [18] ). We assembled a homemade flow chamber and functionalized it with YFP-nanobodies [19] . This surface would act as a nanotrap for CENP-A-YFPcontaining complexes, effectively immunoprecipitating YFP-containing particles from the whole chromatin extract ( Figure 1A) . We evaluated the specificity of our assay using control (no-YFP) HeLa chromatin lysates with and without YFP nanobodies and found minimal contamination, indicating that the analyzed signals were YFP derived ( Figure 1B and Figure S1A) . Importantly, nanobodies are monoclonal and single chained; therefore, each nanobody isolates one and only one YFP-containing complex. The final chamber, when visualized by total internal reflection fluorescence (TIRF) microscopy, results in single isolated diffraction-limited spots, each representing a single CENP-A-YFP-containing chromatin particle ( Figure 1B) . Thus, this system allows direct visual analysis of CENP-A-YFP stoichiometry in native-assembled complexes. Our method has the additional benefit that there are very few manipulations of the sample as opposed to conventional fractionation techniques, reducing potential artifacts. A caveat of our method is that the TIRF illumination field is uneven, a common issue with objective-based TIRF systems. Uneven illumination precludes comparison of absolute intensities between individual complexes or experiments; however, it does not affect relative measurements of individual complexes.
A key feature differing in models for the structure of centromeric chromatin is the presence of one or two CENP-A molecules per nucleosome. This difference has obvious implications toward the mechanisms interpreting the centromere epigenetic mark and therefore chromosome segregation. To quantify the number of CENP-A-YFP molecules per individual complex detected in discrete diffraction-limited spots, we acquired consecutive images while illuminating the sample until all fluorophores photobleached (Movie S1). Plotting the intensity of each diffraction-limited spot as a function of time revealed minor fluctuations (random noise) overlaid on large drops in intensity ( Figures 1C and S2 ). Large drops were generated by permanent bleaching of individual YFP molecules, visible in graphs of intensity versus time. Photobleaching is stochastic and a direct measure of the number of YFP molecules per isolated complex. Because measuring intensity drops by hand is very labor intensive and subject to human error, we developed a custom software package, quantitative bleaching estimation (QUBE, written in MATLAB), to automatically detect, segment, and measure spot intensities over time. This greatly increased the number of spots analyzed (thousands per condition) and yielded similar, yet far more statistically significant, results to those obtained by manual analysis (data not shown). Periodically, large-intensity increases after large drops were observed ( Figure S2 , sample blinking event). These were probably due to the reported blinking behavior of YFP or to the polarized nature of the TIRF illumination light. Regardless of the origin, blinking events are indicative of single molecules and therefore enhance our confidence in the singularity of analyzed particles. In fact, fluorescence blinking is the basis for single-molecule super resolution techniques such as stochastic optical reconstruction microscopy (STORM) [20] . Analysis of CENP-A-YFP nucleosomes isolated from asynchronous cells suggested that the majority (99.0% 6 3.4%) of these nucleosomes contain two molecules of CENP-A-YFP ( Figure 1D ). Similar results were found for H2B-GFP (GFP cross-reacts with the nanobody) nucleosomes (96.1% 6 7.1%), which are known to contain two copies of H2B ( Figure 1D ). Together, these data suggest that centromere nucleosomes contain two copies of CENP-A, consistent with canonical models.
To ensure that our assay was probing the content of single nucleosomes, we isolated nucleosome core particles from total chromatin after nuclear lysis (to enrich for chromatin-associated complexes) and micrococcal nuclease digestion. We confirmed that micrococcal nuclease digestion generated mononucleosomes by agarose gel electrophoresis, which revealed a single band near 150 bp, corresponding to the length of DNA wrapping individual nucleosomes (Figure 2A ). Nuclease digestion has been used for decades to generate mononucleosomes; however, it is unclear whether this treatment may affect subnucleosomal complexes such as the proposed ''hemisome.'' Importantly, in sonicated preparations not treated with nuclease, individual signals can be observed (at a much lower frequency) and these displayed a similar ratio of double bleaching events to that seen in nuclease treatment (data not shown), indicating that nuclease treatment did not significantly alter our ability to detect CENP-A monomers. An additional possible source of error is that our cell line expresses a fraction (90%) of fluorescently labeled CENP-A as determined by western blot ( Figure 2D ). As mentioned above, our analysis included correction for the ratio of YFP to endogenous protein (see Supplemental Experimental Procedures and below). Our results also support the hypothesis that CENP-A nucleosomes are homo-octameric and not ''hybrid'' nucleosomes containing one copy of CENP-A and one copy of histone H3.
To further verify the accuracy of our assay, we counted fluorophores in control complexes with theoretically known stoichiometry. Bacterially purified glutathione S-transferasegreen fluorescent protein (GST-GFP) dimers or cytosolic enhanced green fluorescent protein (EGFP) HeLa cell lysates were used to test the capacity of the assay to detect discrete bleaching events. As anticipated, we observed the major population of spots to contain double bleaching events in the GST-GFP sample (97.6% 6 3.2%), whereas the predominant population in the EGFP cell lysates showed a single bleaching event ( Figure 1D ). It is noteworthy that the observed percentage of double bleaching events in the cytosolic EGFP sample probably reflects intrinsic self-dimerization of the GFP molecule [21] . Additionally, analysis of H2B-GFP complexes that contained a different ratio of labeled to endogenous protein compared to our CENP-A-YFP samples ( Figure 2D ) confirmed that our corrections are accurate over a varying expression level. Thus, our assay reveals the number of fluorescent molecules per isolated complex.
CENP-A Chromatin Does Not Change Stoichiometry over the Cell Cycle
Centromere epigenetic repopulation occurs in G1 [2] . After mitosis, centromere levels of CENP-A double and then are halved during DNA replication, generating two daughter centromeres. Therefore, the centromere epigenetic mark could be considered labile at two key points: G1 repopulation and S phase distribution. Recently, two studies concluded that CENP-A stoichiometry would undergo a cell-cycle transition [22, 23] . Such a transition could be critically important for epigenetic recognition by downstream mechanisms regulating centromere propagation and/or kinetochore assembly. Thus, a possible source of nucleosomes containing a single CENP-A in our preparations is that CENP-A complexes may transition from one to two copies of CENP-A in a cell-cycle-dependent manner.
To test this hypothesis, we performed single-molecule counting on extracts prepared from synchronized cell cultures arrested at various stages of the cell cycle. Cell-cycle arrest for each condition was confirmed by flow cytometry ( Figure 2C ). Similar to asynchronous cells, nucleosomes isolated from CENP-A-YFP cells arrested in G1, early S, late S, G2, and mitosis displayed predominantly two photobleaching events ( Figure 2B ). Interestingly, compared to asynchronous cells ( Figure 1D ), the ratio of double bleaching events was slightly lower in all cell-cycle-arrested samples. Because these samples were prepared and analyzed in the same manner, it is possible that methods for synchronizing cells changed the population bias. Regardless, the overall trend of two CENP-A molecules per complex is still clearly evident. In sum, these data suggest that centromeric nucleosomes contain two molecules of CENP-A throughout the cell cycle and do not support the hypothesis that CENP-A complexes globally transition in a cell-cycle-dependent manner. An implication from these results is that mechanisms for centromere propagation and kinetochore assembly recognize a similar CENP-A-dimergenerated structure. Based on our current understanding of these mechanisms, different proteins mediate centromere propagation and kinetochore assembly. It will be of interest to determine whether the mechanism of centromere recognition by proteins required for these diverse functions is in fact similar. 
CENP-A Is Predominantly Complexed in Canonical Nucleosomes
Based on the above results, two CENP-A molecules generate the centromere epigenetic mark that regulates chromosome segregation. However, from our results it is not clear that CENP-A is complexed in a nucleosome or in some other structure. This is a key question in understanding how the centromere epigenetic mark is interpreted to ensure genome stability. Indeed, a second difference in models of CENP-A chromatin composition is the presence or absence of other components. Distinct protein constituents could act as an epigenetic mark. Specifically, the chaperone HJURP is thought to replace H2A/H2B in some models, representing a substantial structural, possibly epigenetic, change. Based on our results above, the hypothesis of a CENP-A:H4:HJURP trimer is excluded; however, a homohexamer (CENP-A:H4:HJURP) 2 is not. In such a model, histone H2B or H2A would not be associated with CENP-A.
To determine other components present in CENP-A nucleosomes, we integrated an indirect immunostaining strategy into our PA-CNC assay using isolated nucleosomes. Figure 3A depicts representative immunostaining images. This assay is imperfect due to the noncovalent nature of staining and surface effects on epitope accessibility, as best evidenced by incomplete colocalization between CENP-A-YFP and an antibody directed toward CENP-A (24.3% 6 3.4%) ( Figure 3B ). With this caveat in mind, costaining with antibodies to H2B or H4 indicated that a large percentage of individual CENP-A-YFP spots contained H2B and H4 (39.7% 6 3.4% and 42.5% 6 5.9%, respectively) ( Figure 3B ). Thus, our singlemolecule data suggest that centromeric nucleosomes contain all core histones as well as two copies of CENP-A and that the structure of these nucleosomes was not compromised during extraction.
CENP-A has also been reported to localize to noncentromeric loci, specifically points of DNA damage in human cells [24] and generally along the chromosome arms in situations of CENP-A overexpression [25, 26] . Based on many observations over many cellular generations, CENP-A-YFP was never visually detected in noncentromere regions in our cell line; however, we cannot exclude the possibility that a percentage of noncentromeric CENP-A, originating from chromosome arms, exists in our sample. To determine whether the CENP-A analyzed was centromere derived, we used our TIRF-based immunostaining assay. CENP-C localizes to centromeres throughout the cell cycle and is required for both centromere and kinetochore regulation [27] . We reasoned that colocalization with CENP-C would substantiate the idea that the CENP-A population measured was of centromeric origin. Using our TIRF assay, only approximately 17% of CENP-A spots colocalized with CENP-C (compared to less than 5% in H2B controls) ( Figure 3B ). However, of the CENP-colocalizing spots, nearly all (91.8% 6 7.3%) had two copies of CENP-A, indicating that, regardless of the percentage of truly centromere-derived CENP-A in our samples, analysis of CENP-A number in individual complexes using our assay is consistent ( Figure 3C ). Thus, we conclude that centromere-derived CENP-A exists as a nucleosome and, because CENP-A is the only core component different from canonical nucleosomes, the mechanisms detecting the centromere epigenetic identity rely on a CENP-A-generated mark.
The Chaperone HJURP Mediates a Transition from One to Two CENP-A Molecules per Complex Despite our colocalization analysis, our data reproducibly suggest that a minor population of CENP-A particles contain a single copy of CENP-A. In order to further characterize the secondary small population of spots with a single CENP-A-YFP molecule, we considered two possibilities: first, the biochemical preparation of mononucleosomes could somehow have resulted in the bleaching or destruction of individual fluorophores prior to image acquisition, which we term ''prebleaching.'' Second, the single CENP-A-YFP spots could be prenucleosomal intermediates of CENP-A.
To address the prebleaching hypothesis, we imaged GST-GFP dimers in our PA-CNC assay, where we expected nearly exclusively double bleaching events due to the inherent nature of GST to dimerize. We confirmed by pull-down that nearly all the GST-GFP was in dimer form (as detected by western blot, data not shown), as would be expected. However, there was a small but significant population of single bleaching events in the GST-GFP sample (see Experimental Procedures). We considered this small secondary population a result of nonexcitation-induced prebleaching. Therefore, we corrected our data for prebleached fluorophores based on GST-GFPbleaching events (see Supplemental Experimental Procedures). However, it remains possible that we underestimated prebleaching in CENP-A-YFP chromatin lysate due to different isolation methods compared to purified GST-GFP.
To test the second hypothesis, we performed colocalization analysis using an anti-HJURP antibody, because HJURP is the CENP-A:H4 chaperone and is expected to bind to preassembled complexes. HJURP staining colocalized with CENP-A-YFP at a low level compared to histone proteins (9.2% 6 2.8%) ( Figure 3B ). We then performed the PA-CNC technique on colocalizing spots. Interestingly, HJURP-positive CENP-A-YFP spots showed a lower proportion of double bleaching events compared to CENP-C-and H4-positive spots (Figure 3C ; 41.9% 6 9.2% versus 91.8% 6 7.3% and 74.2% 6 4.2%, respectively). These results suggest that although the majority of incorporated CENP-A nucleosomes have an octameric structure, chaperone-bound CENP-A may exist in different structures having one or two copies of CENP-A.
Conclusions
Centromere identity in metazoans is generally accepted to be epigenetically marked by the presence of CENP-A chromatin.
Our data presented here are in agreement with the crystal structure of the CENP-A nucleosomes reconstituted in vitro from bacterially purified core histones, suggesting an octameric nature for centromeric nucleosomes. The centromere epigenetic mark is interpreted by at least two critical mechanisms to ensure genome stability. First, CENP-A chromatin must be detected by proteins required for kinetochore assembly in mitosis. This mechanism is as yet unknown; however, it culminates in the formation of a single kinetochore on each chromatid that attaches to spindle microtubules, segregating the genome accurately to the daughter cells. Second, during G1, new CENP-A is deposited in centromeres in preparation for DNA replication and equal distribution of the centromere epigenetic mark to the daughter strands. This process, to the best of our knowledge, begins with recognition of CENP-A chromatin by the centromere licensing complex (CLC, made up of KNL-2/M18BP1, Mis18a, and Mis18b) [5] via an as yet unknown mechanism. The CLC recruits CENP-A coupled to HJURP [6, 7] for new CENP-A chromatin formation. Importantly, our data suggest that the nature of the centromere epigenetic mark does not grossly change in the cell cycle. Therefore, these two seemingly independent mechanisms interpret a single species of CENP-A chromatin. It will be of great interest to determine these mechanisms because they represent key steps in understanding both chromosome segregation and epigenetic regulation.
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